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Corepression of RelA and c-Rel Inhibits
Immunoglobulin k Gene Transcription
and Rearrangement in Precursor B Lymphocytes
David C. Scherer,*† Jeffrey A. Brockman,* it has been proposed that the ordered rearrangement
of specific loci is dependent on their accessibility toHeather H. Bendall,† Guo Ming Zhang,†
recombinase (reviewed by Sleckman et al., 1996). InDean W. Ballard,*† and Eugene M. Oltz†
support of this proposal, rearrangement at each antigen*Howard Hughes Medical Institute
receptor locus is temporally correlated with the onset†Department of Microbiology and Immunology
of germline gene transcription (Yancopoulos and Alt,Vanderbilt University School of Medicine
1985; Schlissel and Baltimore, 1989; Lennon and Perry,Nashville, Tennessee 37232
1990). Furthermore, targeted deletion of specific immu-
noglobulin enhancers has been shown to impose a cis-
acting block on the assembly of immunoglobulin geneSummary
segments within the mutated locus (Chen et al., 1993;
Serwe and Sablitzky, 1993; Takeda et al., 1993; Xu etMultiple members of the NF-kB/Rel protein family are
al., 1996). Thus, in addition to regulating transcription,induced during B cell differentiation and have been
a subset of these enhancers may also function to influ-implicated in transcriptional activation of the immuno-
ence the accessibility status of a locus and to targetglobulin k (Igk) locus. Despite these findings, normal
the recombinase machinery to actively transcribed genenumbers of Igk1 B lymphocytes are produced by mice
segments.bearing targeted mutations in individual NF-kB/Rel
Transcriptional regulation of the Igk light chain locusgenes. In the present study, precursor B lymphocytes
provides a paradigm for the genetic programs that medi-were engineered to express a trans-dominant form of
ate the developmental progression of B lineage cells.IkBa that simultaneously impairs the c-Rel and RelA
This locus is regulated by a distal enhancer (39Ek) lo-transactivating subunits of NF-kB. This dual block in
cated 39 to the constant region coding exon (Ck), asNF-kB/Rel signaling led to potent inhibition of germ-
well as a proximal enhancer (iEk) that resides within theline Igk transcription and rearrangement, whereas re-
Jk–Ck intron (Queen and Baltimore, 1983; Meyer andcombinase activity was unaffected. These findings
Neuberger, 1989). Although these enhancers are highlysuggest that c-Rel and RelA serve compensatory func-
active in mature B cells, both are silent in pre-B cellstional roles in the developmental mechanisms that
undergoing assembly of their immunoglobulin heavygovern Igk gene assembly.
chain genes. In vitro activation of iEk in pre-B cells is
induced by exposure to bacterial lipopolysaccharide
(LPS), which mimics developmental signals provided by
Introduction Igm expression (Sen and Baltimore, 1986; Lenardo et
al., 1987). In addition to iEk activation, LPS stimulates
The development of mature B lymphocytes is contingent transcription from the germline Igk locus as well as VkJk
upon recombination events that direct the assembly of rearrangement (Schlissel and Baltimore, 1989). How-
immunoglobulin heavy and light chain genes from large ever, the precise mechanistic relationship between
arrays of variable (V), diversity (D), and joining (J) gene these signal-dependent events and the regulation of
segments (reviewed by Lansford et al., 1996). These accessibility at the Igk locus remains unclear.
immunoglobulin gene segments are flanked by con- A large body of correlative evidence has suggested
served recognition sequences, which serve as sub- a critical role for the NF-kB/Rel family of transcription
strates for a common set of enzymatic activities, includ- factors in the progression of immature B cells through
ing those mediated by the recombination-activating their developmental pathway (reviewed by Baldwin,
genes RAG-1 and RAG-2 (Akira et al., 1987; Schatz et 1996). Pre-B cells express homodimeric and heterodi-
al., 1989; Oettinger et al., 1990; van Gent et al., 1996). meric combinations of at least four NF-kB/Rel polypep-
Despite the use of a single enzyme/substrate system, tides, including p50 (NF-kB1), p52 (NF-kB2), RelA (p65),
this recombination process is tightly regulated in devel- and c-Rel. Biochemical studies indicate that the two
oping lymphocytes via tissue- and stage-specific mech- major NF-kB/Rel complexes induced during pre-B cell
anisms (reviewed by Sleckman et al., 1996). differentiation contain either RelA or c-Rel as the trans-
The earliest committed progenitors in the B cell activating subunit (Liou et al., 1994; Miyamoto et al.,
lineage initiate rearrangement specifically at immuno- 1994). These NF-kB/Rel dimers are regulated from the
globulin heavy chain loci. Should a productive rear- cytoplasmic compartment by a set of labile inhibitors,
rangement occur at either allele, the resultant expres- including IkBa. Stimulation of pre-B cells with LPS leads
sion of immunoglobulin heavy chain m (Igm) protein to the rapid degradation of IkBa and transit of active NF-
triggers cellular differentiation to the precursor B (pre-B) kB/Rel complexes to the nucleus (reviewed by Baldwin,
cell stage (Spanopoulou et al., 1994; Young et al., 1996). The first nuclear target identified for these acti-
1994). This maturational step is accompanied by the vated complexes was iEk (Sen and Baltimore, 1986).
cessation of heavy chain gene recombination and the Transient transfection assaysdemonstrated that theNF-
efficient assembly of the V and J gene segments at kB-binding site present in iEk is critical for its function in
the immunoglobulin k (Igk) light chain locus (Ehlich et transcriptional activation (Lenardo et al., 1987). Despite
al., 1993; Li et al., 1993). Because recombinase activity these findings, recent studies with mice deficient for
individual NF-kB/Rel subunits indicate that this tran-is expressed at all stages in thisdevelopmental pathway,
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Figure 1. Rel-Associated IkBDN Is Resistant
to Induced Proteolysis in Pre-B Cells
(A) Steady-state levels of ectopic IkBa pro-
teins in 38B9 transfectants. Cytoplasmic ex-
tracts from the indicated transfectants were
immunoprecipitated with monoclonal anti-
FLAG (M2) antibodies. The resultant immune
complexes were fractionated by SDS–PAGE
and analyzed by immunoblotting with pep-
tide-specific IkBa antisera.
(B and C) Stable 38B9 transfectants express-
ing the indicated inhibitors were treated with
cycloheximide (50 mg/ml) and then cultured in
the presence or absence of LPS. Cytoplasmic
extracts (500 mg) were immunoprecipitated
with either RelA-specific (B) or c-Rel-specific
(C) antibodies, and the resultant complexes
were analyzed by immunoblotting with IkBa-
specific antisera. The relative positions of ec-
topic (wild-type [WT] and DN) forms of IkBa
are indicated.
scription factor family is either functionally redundant Results
or dispensable for the production of mature Igk1 B lym-
phocytes (Sha et al., 1995; Ko¨ntgen et al., 1995; Xu Inactivation of c-Rel and RelA in Pre-B Cells
The biologic action of NF-kB/Rel complexes is con-et al., 1996). As such, the issue of whether NF-kB/Rel
proteins play an essential role in the induction of Igk trolled from the cytoplasmic compartment by various
inhibitory proteins, including IkBa (Baldwin, 1996). Formsexpression remains unresolved (Ghosh, 1995).
Transformation of pre-B lymphocytes with Abelson of IkBa lacking amino acids 1–36 are resistant to signal-
dependent phosphorylation, ubiquitination, and proteo-murine leukemia virus (AMuLV) has been shown to arrest
these cells at a stage prior to Igk gene rearrangement. lytic degradation, each of which serves as a prerequisite
step in the pathway for NF-kB induction (BrockmanMore recent studies with conditionally transformed
pre-B cell lines expressing a temperature-sensitive form et al., 1995; Chen et al., 1995; Scherer et al., 1995).
To evaluate the biochemical properties of this mutantof v-abl have suggested that this developmental block
is due to oncogene-mediated repression of both NF-kB protein in pre-B lymphocytes, we stably transfected a
panel of AMuLV pre-B cell lines with expression vectorsinduction and RAG-1/RAG-2 expression (Chen et al.,
1994; Klug et al., 1994). Whereas Igk gene rearrange- encoding FLAG epitope–tagged forms of either wild-
type IkBa or its N-terminally truncated counterpartment is initiated in the former cell type by treatment
with LPS, this process can be induced in conditionally (IkBDN). Immunoprecipitation studies with monoclonal
anti-FLAG antibodies demonstrated significant steady-transformed pre-B cells by exposure to nonpermissive
temperatures. These two experimental systems provide state levels of ectopic IkBa protein expression in these
stably transfected clones (Figure 1A). To confirm incor-independent models to explore the mechanisms that
govern the assembly of functional Igk light chain genes. poration of the ectopic inhibitors into NF-kB/Rel com-
plexes, cytoplasmic extracts were immunoprecipitatedIn the present study, we introduced into both cell types
a trans-dominant form of IkBa, termed IkBDN, that con- with Rel-specific antisera and probed on immunoblots
for the presence of IkBa. These experiments showedstitutively represses the nuclear import of c-Rel and
RelA from the cytoplasmic compartment. In contrast that wild-type IkBa and IkBDN proteins were efficiently
expressed in cytoplasmic complexes that contained ei-with results obtained with c-Rel or RelA-deficient B cells
(Ko¨ntgen et al., 1995; Xu et al., 1996), this dual block ther RelA (Figure 1B) or c-Rel (Figure 1C). As expected,
the endogenous inhibitor (data not shown) and ectopicin the NF-kB/Rel pathway prevented signal-dependent
activation of germline Igk transcription and VkJk recom- IkBa (Figures 1B and 1C, lane 2) were rapidly degraded
in response to LPS, an NF-kB-inducing agent that mim-bination. These findings suggest a compensatory func-
tion for c-Rel and RelA that is required to activate tran- ics developmental signals leading to Igk gene expres-
sion (Paigeet al., 1978; Schlissel and Baltimore, 1989). Inscription and assembly of the Igk locus during B cell
development. contrast, IkBDN escaped from signal-dependent break-
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down in LPS-treated cells (Figures 1B and 1C, lane 4).
These results established that the IkBDN protein was
integrated into cytoplasmic NF-kB/Rel complexes, but
was refractile to LPS-induced proteolysis.
To examine the functional impact of IkBDN incorpora-
tion on NF-kB activity, we performed gel shift experi-
ments with a radiolabeled kB probe and nuclearextracts
from these stable pre-B cell transfectants. As shown
in Figure 2A, pre-B cells that expressed the wild-type
inhibitor were fully competent for NF-kB induction, re-
sulting in the appearance of two distinct nucleoprotein
complexes (denoted kB1 and kB2; lane 4). In sharp con-
trast, IkBDN prevented nuclear translocation of the pre-
dominant NF-kB/Rel complexes that were induced by
LPS treatment of control transfectants (complex kB1;
Figure 2A, lane 6). These results were fully recapitulated
with distinct IkBDN-expressing clones derived from five
independent pre-B cell lines (data not shown). Of note,
the presence of IkBDN did not appear to impair the
induction of kB-binding proteins associated with the
formation of complex kB2 (Figure 2A, lane 6), which was
also detected in unstimulated cells (lanes 1, 3, and 5).
Thus, at the biochemical level, this truncated inhibitor
imposes a selective block on a subset of the Rel protein
dimers present in pre-B cells.
To establish the identities of the Rel subunits compro-
mised by IkBDN expression, we irradiated DNA binding
reaction mixtures containing a photoreactive derivative
of the kB probe with ultraviolet (UV) light and fraction-
ated the resultant adducts by SDS–polyacrylamide gel
electrophoresis (SDS–PAGE). In nuclear extracts from
cells transfected with thewild-type IkBa expression vec-
tor, we detected four LPS-inducible polypeptides (Fig-
ure 2B, lane 2). Based on fractionation experiments
conducted with Rel subunit–specific antisera, these
polypeptides corresponded to RelA, cRel, p50, and p52
Figure 2. Corepression of Nuclear RelA and c-Rel Activity in IkBDN(Figure 2B, lanes 4–6; data not shown). Nuclear extracts
Transfectantsderived from IkBDN-expressing cells were completely
(A) Stable 38B9 clones expressing the indicated ectopic forms ofdeficient for the DNA binding activities corresponding
IkBa were cultured in the presence or absence of LPS. Nuclearto c-Rel and RelA (Figure 2B, lane 3). In contrast, IkBDN
extracts (4 mg) were analyzed by gel retardation assays using a
exerted only partial inhibitory effects on the nuclear palindromic kB probe (kB-pd). Resultant nucleoprotein complexes
translocation of p50 and p52 dimers (Figure 2B, lanes (kB1 and kB2) were resolved on a native 5% polyacrylamide gel
2 and 3), which have limited transactivation potentials and visualized by autoradiography. To assess extract integrity, con-
trol DNA binding reactions were performed with a probe for the(Schmid et al., 1991; Schmitz and Baeuerle, 1991; Bal-
constitutive transcription factor NF-Y (lower panel). The kB2 com-lard et al., 1992; Ruben et al., 1992). The sustained ex-
plexes expressed in IkBDN-transfected cells (lane 6) contain p50pression of p50 and p52 in IkBDN-transfected cells cor-
and p52 (see [B]).related with the persistence of kB2 activity (Figure 2A,
(B) DNA–protein cross-linking analysis of kB1 and kB2 complexes.
lane 6) and likely reflects their weak affinities for IkBa DNA binding reaction mixtures analyzed in (A) (lanes 2, 4, and 6)
(Ganchi et al., 1992; Beg et al., 1992; Duckett et al., were irradiated with UV light and immunoprecipitated with a cocktail
1993). However, the partial reduction in p50 and p52 of subunit-specific antisera for RelA, c-Rel, p50, p52, and RelB.
Immune complexes were fractionated by SDS–PAGE and detectedexpression is consistent with the ability of both subunits
by autoradiography (lanes 1–3). Alternatively, control reaction mix-to associate with RelA and c-Rel in pre-B lymphocytes
tures generated with IkBDN-deficient extracts were immunoprecip-(Liou et al., 1994; Miyamoto et al., 1994). We conclude
itated with either preimmune (lane 4), RelA-specific (lane 5), or
that IkBDN severely impairs NF-kB/Rel signaling from c-Rel-specific (lane 6) antisera prior to SDS–PAGE. Molecular mass
the cytoplasmic compartment, with particularly dra- markers and subunit identities are indicated.
matic effects on the RelA and c-Rel transactivating sub-
units of NF-kB.
located upstream of the Jk gene segments (Van Ness
et al., 1981; Martin and Van Ness, 1990). To examineRequirement of RelA and c-Rel for Germline
the effects of LPS on Igk transcription in the absence ofIgk Transcription
nuclear c-Rel and RelA, we performed Northern blottingIn AMuLV-transformed pre-B cells, LPS induces tran-
scription at the germline Igk locus from two promoters studies with total RNAs from a panel of stable pre-B
Immunity
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cell transfectants. In 38B9 pre-B cells expressing endog-
enous or ectopic IkBa, LPS treatment induced high level
expression of both the processed and unprocessed
forms of germline Igk transcripts (Figure 3A, lanes 2
and 4). In contrast, expression of IkBDN prevented the
induction of these Igk messages (Figure 3A, lane 6).
Similar results were obtained with four independent
pre-B cell lines immortalized with AMuLV (data not
shown). Furthermore, LPS-induced expression of Igk
transcripts was ablated by IkBDN in 70Z/3 cells, which
contain a functionally rearranged Igk allele (Figure 3A,
lane 10). Together, these data demonstrate that core-
pression of RelA and c-Rel potently inhibits transcrip-
tional activation of the endogenous Igk locus from either
the germline or Vk-associated promoters, despite the
presence of significant amounts of p50 and p52 in the
nuclear compartment (Figure 2).
To verify that the block imposed by IkBDN was spe-
cific for the NF-kB/Rel pathway, we assessed the con-
stitutive and LPS-induced expression of a panel of
well-characterized genes. Northern blot analyses dem-
onstrated that IkBDN markedly attenuated the induced
expression of NF-kB-responsive genes encoding IkBa,
c-Rel, and p50 (Figure 3A; data not shown). However,
expression of NF-kB-independent genes, including
those coding for IkBb, the Igm heavy chain, and RelA,
was unaffected (Figure 3A; data not shown). Further-
more, expression of IkBDN did not appear to impair
signaling via LPS-independent pathways. For example,
transcription of the gene encoding the G protein IRG47
(Gilly and Wall, 1992) was comparably induced in control
and IkBDN transfectants following treatment with inter-
feron-g (IFNg) (Figure 3B). This pattern of signal-specific
repression confirmed that IkBDN selectively disrupts the
induced transcriptional activity of NF-kB-responsive
genes in pre-B lymphocytes, including the endogenous
Igk locus.
Inhibition of Igk Enhancer Activity in
c-Rel/RelA-Arrested Pre-B Cells
Transcription of the Igk locus is controlled by two en-
hancers, termed 39Ek and iEk (Queen and Baltimore,
1983; Meyer and Neuberger, 1989). Although 39Ek pos-
sesses a potential kB site, NF-kB activity appears to be Figure 3. IkBDN Prevents Signal-Dependent Induction of Igk Tran-
dispensable for the function of this enhancer in termi- scripts
nally differentiated plasma cells (Pongubala and Atchi- (A) Stable transfectants of 38B9 (lanes 1–6) or 70Z/3 (lanes 7–10)
son, 1991). In contrast, transient transfection studies pre-B cell lines expressing the indicated ectopic inhibitors were
cultured in the presence or absence of LPS. Total RNA (20 mg perhave indicated that the NF-kB-binding site present in
lane) was fractionated on formaldehyde agarose gels and analyzediEk is critical for its function in signal-dependent tran-
by Northern blotting with the indicated radiolabeled cDNA probes.scription (Lenardo et al., 1987). However, the specific
RNA levels were quantitated with a cDNA probe for glyceraldehyde
roles of individual NF-kB/Rel subunits in this process phosphate dehydrogenase (GAPDH). The Ck-hybridizing species
have not been dissected. Having established that expressed in 38B9 cells correspond to the processed (Ck) and un-
IkBDN-expressing cells are deficient for nuclear c-Rel processed (Ck with asterisk) forms of germline Igk transcripts. In
70Z/3 cells, the Ck probe detects transcripts derived from a func-and RelA (Figure 2), we performed functional assays with
tionally rearranged Igk allele.these stable transfectants using a series of luciferase
(B) Effects of IkBDN on IRG47 gene transcription in IFNg-treatedreporter constructs that contained a germline Jk pro-
cells. Subclones of 38B9 (lanes 1–4) or 70Z/3 pre-B cells (lanes 5–8)moter (JkP) in combination with either iEk or 39Ek (Figure
expressing the indicated forms of ectopic IkBa were cultured in the
4A). Consistent with prior studies (Pongubala and Atchi- presence or absence of IFNg (50 U/ml). Total RNA (10 mg per lane)
son, 1991; Fulton and Van Ness, 1993; Meyer and Ire- was extracted and hybridized on Northern blots with radiolabeled
cDNA probes corresponding to either IRG47 or GAPDH.land, 1994), reporter genes flanked by 39Ek were only
modestly induced by LPS in a subset of the pre-B cell
lines tested. In contrast with 39Ek, iEk conferred strong
Role of c-Rel and RelA in Igk Rearrangement
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(Figure 4B). Together with the biochemical data pre-
sented in Figure 2, these transfection experiments dem-
onstrate that Igk enhancer–directed transcription in
these pre-B cells is critically dependent on the presence
of either c-Rel or RelA. Furthermore, it appears that
p50 and p52 are insufficient to mediate this activation
process, since significant amounts of these two sub-
units were detected in the nucleus of IkBDN-expressing
cells (Figure 2).
Requirement of RelA and c-Rel
for VkJk Rearrangement
Transcriptional activation of the Igk locus has been cor-
related with the process of VkJk rearrangement in
AMuLV-transformed pre-B cells (Schlissel and Balti-
more, 1989). Consistent with this, targeted deletion
of iEk in vivo leads to greatly impaired VkJk rear-
rangement (Xu et al., 1996). Paradoxically, despite the
presence of a functional NF-kB-binding site in iEk, nor-
mal numbers of Igk1 B lymphocytes are produced by
mice deficient for individual NF-kB/Rel subunits. To ex-
plore the possibility that c-Rel and RelA serve overlap-
ping functions in Igk locus assembly, we measured the
level of VkJk rearrangement in stable pre-B transfec-
tants using a polymerase chain reaction (PCR)-based
assay developed by Schlissel and Baltimore (1989). This
assay utilized primers that hybridize 39 to the Jk2 gene
segment and to highly conserved sequences present in
most Vk gene segments. In the germline (Figure 5A),
these primers hybridize to distant sites in the genome
and fail to yieldamplification products. However, if juxta-
posed by recombination, this primer pair amplifies dis-
tinct fragments corresponding to either VkJk1 or VkJk2
rearrangement events.
The results obtained with this sensitive PCR assay
are shown in Figure 5B. Following LPS treatment, both
VkJk1 and VkJk2 recombination products were de-
Figure 4. Enhancer Activities of iEk and 39Ek in RelA/c-Rel-Arrested tected in control 38B9 transfectants (Figure 5B, lane 3)
Cells and in clones that constitutively expressed the wild-type
(A) Control (open bars) or IkBDN-expressing 38B9 clones (closed inhibitor (lane 5). In contrast, two independent IkBDN
bars) were transfected with luciferase reporter constructscontaining clones, which were transcriptionally arrested at the Igk
the Igk germline promoter (JkP) alone or in combination with either
locus, were defective for VkJk rearrangement (approxi-iEk or 39Ek. Protein extracts from untreated or LPS-stimulated cells
mately 50-fold diminution; Figure 5B, lanes 7 and 9).were assayed for luciferase activity using standard methods (Fulton
Similar results were obtained with four independentand Van Ness, 1993). Results from three independent experiments
are reported as the mean fold induction (6 SEM) of luciferase activity AMuLV-transformed pre-B lines, including 22D10 (Fig-
in unstimulated versus LPS-treated cells. ure 5B, lanes 10–15; data not shown). Two other relevant
(B) LPS induction of Vk promoter constructs in control (open bars) findings emerged from these studies. First,Northern blot
and IkBDN-expressing 38B9 clones (closed bars). Experiments were analyses failed to reveal any IkB-dependent changes in
performed as described in (A), except that the reporter plasmids
the amounts of either RAG-1 or RAG-2 transcripts incontained the Vk21E promoter (VkP; Fulton and Van Ness, 1993).
these cell lines (data not shown). Second, recombination
experiments conducted with transfected extrachromo-
somal substrates (Lieber et al., 1987) revealed that theLPS responsiveness to the JkP reporter in control cells.
However, when introduced into the IkBDN background, overall magnitude of recombinase activity was compa-
rable in IkBDN-deficient versus IkBDN-expressing 38B9the LPS-inducible function of iEk was ablated.
In addition to its effects on germline Igk expression, clones following LPS stimulation (percentage of recom-
bined substrate 5 0.13 6 0.01 and 0.19 6 0.11, respec-the IkBDN protein suppressed transcription directed
from endogenous Vk promoter sequences (Figure 3A, tively). These results confirmed that IkBDN did not in-
terfere with either RAG-1/RAG-2 gene expression orlane 10). In keeping with this finding, transient transfec-
tion experiments conducted with luciferase reporter recombinase activity. Taken together, we conclude that
simultaneous inactivation of RelA and c-Rel in AMuLV-constructs containing the Vk21E promoter (VkP) re-
vealed a significant reduction in the LPS-induced level transformed pre-B cells impairs both transcription and
rearrangement of the endogenous Igk locus.of iEk activity when expressed in the presence of IkBDN
Immunity
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Figure 5. Inhibition of VkJk Recombination in
IkBDN-Expressing Pre-B Cells
(A) A schematic of the PCR assay for VkJk
rearrangement. The relative locations of the
degenerate Vk primers, the 39 Jk2 primer, and
the Jk2 probe are depicted for the germline
Igk locus.
(B) Cultures of 38B9 (lanes 2–9) or 22D10
(lanes 10–15) pre-B transfectants were prop-
agated for 96 hr in either the presence or
absence of LPS. Isolated genomic DNA (500
ng) was analyzed for levels of VkJk recombi-
nation using the PCR assay depicted in (A)
(Schlissel and Baltimore, 1989). Products
identified at the left correspond to either
VkJk1 or VkJk2 rearrangements, which were
absent in control reactions containing germ-
line DNA from embryonic stem cells (lane 1).
Control primers specific for the pre-lympho-
cyte regulatory light chain gene (PLRLC) were
incorporated in each reaction to monitor the
efficiency of amplification (lower panel).
Effects of IkBDN on Igk Rearrangement in 7). In contrast, introduction of IkBDN into these cells
abolished both basal and induced kB binding activitiesConditionally Transformed Pre-B Cells
Emerging data suggest that AMuLV-transformed cell (Figure 6A, lanes 3 and 4) and resulted in the loss of
RelA and c-Rel in the nuclear compartment (Figure 6B,lines are developmentally blocked at a stage prior to
VkJk rearrangement owing to v-abl-mediated repres- lane 4).
The effects of RelA/c-Rel corepression on the tran-sion of both Rel protein induction and recombinase ac-
tivity (Chen et al., 1994; Klug et al., 1994). These findings scriptional status of the germline Igk locus and the RAG-
1/RAG-2 genes was measured by Northern blotting withled us to question whether the regulatory defects as-
sociated with IkBDN expression were linked to the total RNAs derived from these 103/BCL-2/4 clones. As
shown in Figure 7A, stable expression of IkBDN in thesetransformed phenotype. To address this question, we
transfected the IkBDN expression vector into pre-B cells conditionally transformed cells inhibited the induction of
germline Igk transcripts at nonpermissive temperaturesthat were conditionally transformed with a mutant form
of AMuLV encoding a temperature-sensitive version of (lanes 4 and 6). In contrast, Igk transcripts were signifi-
cantly up-regulated by heat shock in control transfec-v-abl (103/BCL-2/4 cells; Chen et al., 1994). As pre-
viously reported (Chen et al., 1994; Klug et al., 1994), tants (Figure 7A, lane 2). Importantly, we found that
temperature-dependent induction of RAG-1 and RAG-2incubation of 103/BCL-2/4 cells at nonpermissive tem-
peratures leads to inactivation of IkBa, induction of transcripts was largely unaffected by the presence of
the IkBDN repressor protein (Figure 7A, lower panels).RAG-1/RAG-2 gene expression, and VkJk rearrange-
ment. Importantly, this experimental system bypasses Finally, we exploited the PCR assay for VkJk re-
arrangement to examine the regulation of Igk gene as-the requirement for LPS to stimulate Igk gene re-
arrangement and permits an assessment of transforma- sembly in conditionally transformed pre-B cells. Despite
the presence of elevated levels of RAG-1 and RAG-2tion-dependent effects.
To monitor the induction of the NF-kB/Rel pathway transcripts (Figure 7A), VkJk rearrangement was inhib-
ited by at least an order of magnitude in two independentin these conditionally transformed cells, we performed
gel retardation assays with nuclear extracts from control IkBDN clones (Figure 7B, lanes 5 and 7). As anticipated,
the appropriate PCR fragments were readily detected inand IkBDN-expressing clones cultured at permissive or
nonpermissive temperatures (Figure 6A). Consistent heat-shocked 103/BCL-2/4 cells lacking this truncated
inhibitor (Figure 7B, lane 3). Furthermore, based on re-with prior results (Klug et al., 1994), increased levels
of Rel DNA binding activity were detected in nuclear sults from assays with extrachromosomal substrates,
we found no evidence for perturbation of recombinaseextracts from control transfectants that were shifted to
the nonpermissive temperature (Figure 6A, lanes 1 and activity in conditionally transformed cells expressing
IkBDN (Figure 7C). These findings were fully consis-2). Based on cross-linking experiments, the major pho-
toreactive adducts captured in these nucleoprotein tent with data obtained using wild-type AMuLV trans-
formants (Figure 5B) and provided independent evi-complexes had apparent molecular masses of 70–80
kDa (Figure 6B, lane 2). Independent immunoprecipita- dence for a functional link between the action of NF-kB
proteins and the regulated assembly of endogenous Igktion experiments confirmed the identities of these NF-
kB subunits as RelA and c-Rel (Figure 6B, lanes 6 and loci.
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enhancer function (Lenardo et al., 1987). Furthermore,
targeted mutations of iEk significantly impair VkJk re-
arrangement (Takeda et al., 1993; Xu et al., 1996). These
recent findings strongly suggest that iEk and NF-kB
may also function to regulate the degree of Igk locus
accessibility.
Despite these findings, the precise contribution of NF-
kB/Rel proteins to the regulation of Igk gene expression
has been difficult to dissect for several reasons. First,
iEk contains a cluster of transcription factor–binding
sites, thus raising the distinct possibility that NF-kB-
independent regulatory sequences were disrupted in
prior iEk deletion studies (Takeda et al., 1993; Xu et al.,
1996). Second, in vivo mutational studies reported by
Xu et al. (1996) have clearly shown that iEk is important
but not absolutely essential for VkJk rearrangement.
These in vivo studies demonstrate that other cis-acting
elements can compensate at least partially for iEk func-
tion. Third, targeted inactivation of the genes encoding
individual members of the NF-kB/Rel family appears to
have no significant effect on progression through the
early stages of B cell development. Indeed, these mutant
mice possess normal numbers of Igk1 B lymphocytes
in their peripheral lymphoid organs (Sha et al., 1995;
Ko¨ntgen et al., 1995; Xu et al., 1996).
A major technical obstacle associated with the as-
sessment of individual NF-kB/Rel complexes in the reg-
ulation of iEk function is the potential for redundancy
among members of this transcription factor family. In
developing B lymphocytes, c-Rel and RelA appear to
represent the principle transactivating subunits of NF-
kB that are induced by signals associated with Igk locus
activation (Liou et al., 1994; Miyamoto et al., 1994). Con-
sidering the possibility that these two Rel polypeptides
are functionally interchangeable, we introduced intoFigure 6. Induction of RelA and c-Rel Is Inhibited by IgkBDN in
pre-B cells a trans-dominant variant of IkBa that consti-Conditionally Transformed Pre-B Cells
tutively represses c-Rel and RelA activity from the cyto-(A) Transfectants of the conditionally transformed 103/BCL-2/4 cell
line expressing the indicated inhibitors were maintained for 16 hr plasm. Stable transfectants expressing this mutant
at either 348C (P) or 398C (N). Nuclear extracts (4 mg) were analyzed inhibitor, termed IkBDN, failed to release c-Rel- and
for NF-kB activity by gel retardation assays as described in Figure RelA-containing complexes to the nuclear compartment
2A. To assess extract integrity, control DNA binding reactions were
in response to NF-kB-activating signals (Figures 2 andperformed with a probe for the constitutive transcription factor NF-Y
6). Consistent with this, the inducible expression of(lower panel).
genes previously linked to this pathway was severely(B) DNA binding reaction mixtures analyzed in (A) were irradiated
with UV light and resolved by SDS–PAGE (lanes 1–4). Alternatively, impaired, whereas NF-kB-independent transcription
control reaction mixtures generated with IkBDN-deficient extracts units were unaffected by the presence of IkBDN (Figure
(lane 2) were immunoprecipitated with either preimmune antibodies 3). Furthermore, the block imposed by IkBDN spared
(lane 5), RelA-specific antiserum (lane 6), or c-Rel-specific antiserum
the inducible expression of p50 and p52 dimers (Figure(lane 7) prior to SDS–PAGE. Molecular mass markers and subunit
2), which have weak affinities for IkBa and limited trans-identities are indicated.
activation potentials (Baldwin, 1996). Thus, stable ex-
pression of IkBDN in pre-B cells provides a highly spe-
Discussion cific strategy to explore the functional significance of
c-Rel and RelA in Igk locus regulation when these pro-
Prior studies have firmly established a temporal correla- teins are simultaneously “knocked out” at the posttrans-
tion between Igk transcription and VkJk rearrangement lational level.
(Schlissel and Baltimore, 1989; Lennon and Perry, 1990). Using this novel experimental system, we first exam-
However, the developmental mechanisms that convert ined the regulation of germline Igk transcription in c-Rel/
an inactive Igk locus to an accessible recombinase sub- RelA-arrested cells. The results presented here clearly
strate remain unknown. In this regard, induction of the demonstrate that cytoplasmic blockade of these two
NF-kB/Rel family of transcription factors is accompa- Rel-related polypeptides dramatically inhibits the induc-
nied by activation of the Igk locus in pre-B cells (Sen ible expression of Igk transcripts initiated from either
and Baltimore, 1986; Atchison and Perry, 1987). Based the Vk or the germline Jk promoters (Figures 3 and 7).
on in vitro assays with extrachromosomal reporter Based on transient transfection experiments, we have
found that an intactNF-kB signaling pathway is essentialgenes, NF-kB is critically required to endow iEk with its
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Figure 7. IkBDN Prevents Activation of Igk Transcription and VkJk
Recombination in Conditionally Transformed Pre-B Lymphocytes
(A) Temperature-sensitive 103/BCL-2/4 transfectants were cultured
for 16 hr at either permissive (P) or nonpermissive (N) temperatures.
Total RNAs (15 mg) were analyzed on Northern blots using cDNA
probes corresponding to either germline Igk (Ck), RAG-1, RAG-2,
or GAPDH. The Ck species identified with an asterisk represents
the unprocessed form of the germline Igk transcript.
(B) Genomic DNAs were harvested from 103/BCL-2/4 cultures main-
tained for 48 hr at either 348C (P) or 398C (N). Levels of VkJk re-
arrangements were assessed using PCR primers and conditions as
described (Schlissel and Baltimore, 1989). Products identified at the
left correspond to either VkJk1 or VkJk2 rearrangement, which were
absent in control reactions containing DNA from embryonic stem
cells (lane 1). Background levels of VkJk rearrangement were ob-
served in uninduced control transfectants following prolonged auto-
radiographic exposure. Control primers specific for PLRLC were
incorporated in all reactions to monitor the efficiency of amplification
(bottom panel).
(C) Conditionally transformed 103/BCL-2/4 clones described in (B)
were transfected with recombination substrate pJH200 and then
cultured at either 348C (open bars) or 398C (closed bars). Extrachro-
mosomal DNA was harvested, transformed into DH5a cells, and
analyzed for recombination as described previously (Lieber et al.,
1987). Recombinase activities are expressed as the mean percent-
age of rescued pJH200 substrate in the recombined configuration
(6 SEM), as determined from four independent experiments.
for the induction of iEk activity (Figure 4). These data which plays a predominant role in the sustained expres-
sion of Igk transcripts in mature B cells (Pongubala andprovide a likely mechanistic explanation for impairment
of germline Igk transcription in IkBDN-expressing pre-B Atchison, 1991). However, a direct comparison of our
results with those obtained using these iEk mutant micecells. Importantly, it appears that c-Rel and RelA are
uniquely required for this process relative to other NF- is not possible, since germline transcription of the mu-
tant Igk locus was not assessed in pre-B cells derivedkB/Rel subunits, including p50 and p52 (Figure 2). In
this regard, in vivostudies by Xuet al. (1996) have shown from these animals (Xu et al., 1996).
In addition to interfering with germline Igk transcrip-that iEk deletion leads to a significant dimunition in the
number of Igk1 B cells, but has no detectable effect on tion, we have found that dominant forms of IkB suppress
VkJk recombination (Figures 5 and 7). Thus, despite thethe level of Igk protein expressed on these cells. The
latter finding presumably reflects the activity of 39Ek, presence of significant levels of p50 and p52 dimers
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(Figure 2), simultaneous inactivation of c-Rel and RelA iEk does not completelyabolish VkJk rearrangement (Xu
et al., 1996), establishing that other regulatory elementsseverely impairs signal-induced rearrangement of the
Igk locus. These findings are qualitatively consistent positioned within the Igk locus can at least partially
compensate for this defect. Thus, NF-kB-independentwith the in vivo results of Xu et al. (1996), which demon-
strate that iEk deletion greatly reduces VkJk re- modes for activating the Igk locus in vivo cannot be
formally excluded. Furthermore, preliminary studieswitharrangement. Considering the lack of any discernible
developmental defects in c-Rel- and RelA-deficient B our experimental system indicate that corepression of
RelA and c-Rel may interfere specifically with the in-cells (Ko¨ntgen et al., 1995; Xu et al., 1996), the present
results indicate a compensatory functional role for these duced expression of additional factors implicated in Igk
transcription, including Oct-2 (data not shown). As such,two transactivating subunits in the efficient assembly
of Igk genes. In addition, we have recently found that RelA and c-Rel may serve not only to regulate iEk func-
tion, but also to activate a network of transcription fac-rearrangement of the Igl locus is significantly attenu-
ated by IkBDN in 103/BCL-2/4 cells. However, IgH re- tors that together promote efficient Igk gene assembly.
arrangement is unaffected in reconstituted RAG-2 2/2
pre-B cells expressing IkBDN, thus demonstrating the Experimental Procedures
specificity of this inhibitor (G. M. Z. and E. M. O., unpub-
lished data). These preliminary observations underscore Cell Culture
the complex role that NF-kB/Rel proteins may play in AMuLV-transformed pre-B cell lines 38B9, 22D6P, 22D9, 22D10,
and 1-8; the 70Z/3 cell line; and the conditionally transformed pre-Bthe later stages of B cell development, during which
cell clone 103/BCL-2/4 have been described previously (Alt et al.,further differentiation hinges upon efficient assembly of
1984; Paige et al., 1978; Chen et al., 1994). The 38B9 clone usedfunctional Igk or Igl light chain loci.
for IkBDN transfections expressed ectopic RAG-1 and RAG-2 genes
Prior studies have examined the potential role of tran- under the control of an immunoglobulin heavy chain promoter–
scription factors other than NF-kB in the control of intronic enhancer cassette (termed PEP.B; Dildrop et al., 1989). All
immunoglobulin locus rearrangement. For example, cells were maintained in RPMI 1640 supplemented with 10% fetal
calf serum, 2 mM L-glutamine, 50 mM 2-mercaptoethanol, andoverexpression of the helix-loop-helix transcription fac-
0.01% penicillin–streptomycin. Cells were cultured at 378C, 5% CO2tor E47 in pre-T cells has been shown to induce re-
with the exception of 103/BCL-2/4 cells, which wereroutinely propa-arrangement of immunoglobulin heavy chain gene seg-
gated at the permissive temperature (348C). Where indicated, cul-
ments (Schlissel et al., 1991). Consistent with this, tures were treated with either LPS (10 mg/ml) or IFNg (50 U/ml). Total
targeted inactivation of the E47 gene imposes a block RNA and genomicDNA were isolated from a portion of these cultures
to recombination at the immunoglobulin heavy chain after 24 and 96 hr, respectively. Inactivation of v-abl in conditionally
transformed 103/BCL-2/4 cells (Chen et al., 1994) was achieved bylocus in vivo (Bain et al., 1994). However, in both of
incubation at the nonpermissive temperature (398C) for either 16 hrthese experimental systems, the expression of RAG-1
(RNA analyses) or 48 hr (DNA analyses).and RAG-2 was significantly altered as a consequence
of manipulating transcription factor levels. In sharp con-
Generation of Stable IkBDN Transfectantstrast, several results reported here eliminate the pos-
The cDNAs encoding FLAG epitope–tagged forms of wild-type hu-
sibility that IkBDN blocks VkJk rearrangement by man IkBa and a mutant lacking amino acids 1–36 have been de-
suppressing recombinase activity. First, steady-state scribed (Brockman et al., 1995). These sequences were cloned into
amounts of RAG-1 and RAG-2 transcripts were unaf- PEP.B expression vector (Dildrop et al., 1989) upstream of a human
growth hormone polyadenylation cassette. To obtain stable IkBfected in AMuLV-transformed pre-B cells expressing
transfectants, 107 cells were electroporated with 20 mg of KpnI-IkBDN (data not shown). Second, the defect in VkJk
linearized PEP.B-IkB expression vector and 4 mg of EcoRI-digestedrearrangement imposed by IkBDN cannot be rescued
PSV2-His (Hartmanand Mulligan, 1988) using a Bio-Rad Gene Pulsar
in conditionally transformed cells induced to express (300 V, 960 mF).Transfected cells weredistributed into 24-well plates
high levels of RAG-1 and RAG-2 (Figures 7A and 7B). (105 cells per milliliter) and selected with L-histidinol after 48 hr of
Third, extrachromosomal substrates were rearranged culture. Drug-resistant clones were isolated 10–14 days later and
maintained in complete RPMI media supplemented with 1 mMwith comparable efficiencies in IkBDN-expressing and
L-histidinol. Drug-resistant cell lines deficient for the IkBDN expres-IkBDN-deficient cells (Figure 7C). Based on these obser-
sion vector were used as control transfectants for all experiments.vations, we conclude that NF-kB/Rel proteins play a
central role in the regulation of Igk gene assembly at
Antibodiesthe level of locus accessibility.
Polyclonal antibodiesspecific for p52, RelB, and RelA wereobtainedIn summary, we have found that constitutive corepres-
from Santa Cruz Biotechnology, Inc. The c-Rel-specific antiserum
sion of RelA and c-Rel from the cytoplasmic compart- was provided by Dr. Nancy Rice (National Cancer Institute). Rabbit
ment prevents activation of germline Igk transcription antisera generated against epitopes in human IkBa (amino acids
and VkJk recombination. These findings establish a 289–317) and human p50/p105 (amino acids 1–21) have been de-
scribed (Ganchi et al., 1992; Brockman et al., 1995). Monoclonalstrong functional linkage between induction of tran-
anti-FLAG antibodies (M2) were purchased from IBI–Kodak.scription factor activity and the regulated assembly of
antigen receptor genes. In contrast with the regulatory
Immunoprecipitation and Western Blot Analysisdefects described here, mice deficient for individual
Cytosolic extracts were prepared using published methodsmembers of the NF-kB/Rel family appear to develop
(Schreiber et al., 1989), except that the detergent lysis buffer was
normal numbers of Igk1 B cells. These results suggest supplemented with an extensive cocktail of protease inhibitors (Bal-
that c-Rel and RelA serve redundant functions in the lard et al., 1990). Lysates were clarified by centrifugation and equili-
regulation of Igk locus assembly, presumably via an iEk- brated in ELB buffer (50 mM N-2-hydroxyethylpiperazine-N9-2-eth-
anesulfonic acid [HEPES], 250 mM NaCl, 5 mM EDTA, 0.1% Nonidetdependent targeting mechanism. However, deletion of
Immunity
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P-40). Immunoprecipitations were performed on cytoplasmic ex- constructs have been described previously (Fulton and Van Ness,
1993). The PEP.PAP vector was constructed via a three-part ligationtracts (500 mg) using 20 ml of agarose beads coupled to antibodies
specific for either RelA, c-Rel, or the FLAG epitope. After three between the 5 kb XbaI–HinDIII fragment from pSV2A.PAP (Henthorn
et al., 1988), the 3 kb XbaI–BamHI fragment from pSV2A.PAP, andwashes with ELB buffer, Rel-associated complexes were eluted with
either cognate peptide or SDS, fractionated by SDS–PAGE, and a 1.05 kb fragment derived from a HindIII–BamHI digest of PEP.B.
transferred to a polyvinylidene difluoride membrane (PVDF). Mem-
branes were blocked (1 hr at room temperature) with Tris-buffered Analysis of VkJk Rearrangements
saline containing 0.1% Tween 20 and 5% powdered milk (BLOTTO), Isolated genomic DNA (500 mg) was analyzed for levels of VkJk
followed by incubation with an IkBa-specific antiserum. Immunore- recombination using a sensitive PCR assay exactly as described
active polypeptides were detected with donkey anti–rabbit IgG con- previously (Schlissel and Baltimore, 1989). The linearity of this assay
jugated to horseradish peroxidase and visualized using enhanced was confirmed with amplification reactions that contained serial
chemiluminescence (Dupont). dilutions of DNA derived from IkBDN-deficient control cells. These
reactions were normalized for total DNA content (500 ng) by the
addition of embryonic stem cell DNA. To control for amplificationGel Shift Analysis and DNA–Protein Cross-Linking
efficiencies, primers specific for sequences from the PLRLC geneNuclear fractions were prepared by high-salt extraction (Schreiber
were included in each reaction mixture, which amplify a 1.0 kbet al., 1989) in the presence of protease inhibitors (Ballard et al.,
product (Oltz et al., 1993). Approximately 40% of the resultant PCR1990). Gel mobility shift assays were performed using a 32P-labeled
products was fractionated on a 1.5% agarose gel and analyzed byoligonucleotide duplex derived from kB enhancer sequences pres-
Southern blotting with either theJk2 or59 65-6 oligonucleotide probeent in the IL-2Ra promoter (kB-pd) (59-CAACGGCAGGGGAATTCCC
(Schlissel and Baltimore, 1989; Oltz et al., 1993).CTCTCCTT-39) (Ballard et al., 1990). DNA binding reaction mixtures
(20 ml) contained 4 mg of nuclear extract, 2 mg of double-stranded
Recombinase Assayspoly(dI–dC), and 10 mg of bovine serum albumin buffered in 20 mM
The extrachromosomal recombination substrate pJH200 was tran-HEPES (pH 7.9), 5% glycerol, 1 mM EDTA, 1% Nonidet P-40, and
siently transfected into 38B9 clones using DEAE–Dextran as de-5 mM dithiothreitol. Resultant nucleoprotein complexes were re-
scribed previously (Lieber et al., 1987). Transfected 38B9 samplessolved on a native 5% polyacrylamide gel and visualizedby autoradi-
were split equally and cultured for 48 hr in the absence or presenceography as previously described (Bo¨hnlein et al., 1988). Control
of LPS (10 mg/ml). Conditionally transformed 103/BCL-2/4 clonesreactions with a 32P-labeled probe for transcription factor NF-Y
(1.2 3 107 cells) were transfected with 2 mg of pJH200 using the(Boothby et al., 1989) were performed to assess extract integrity.
DEAE–Dextran method described by Fulton and Van Ness (1993).For DNA–protein cross-linking analysis, photoreactive derivatives
Transfected cells were split equally and cultured for 20 hr at eitherof the radiolabeled kB probe were synthesized in the presence
348C (permissive temperature) or 398C (nonpermissive temperature).of 5-bromo-29-deoxyuridine 59-triphosphate (BrdU) (Ballard et al.,
Extrachromosomal DNA was harvested from endpoint cultures, di-1989). DNA binding reaction mixtures were irradiated at 300 nm for
gested with DpnI and RNase A for 3 hr, and transformed by electro-30 min using a Fotodyne UV transilluminator, diluted to 200 ml with
poration into Escherichia coli DH5a cells.Transformed bacteria wereELB buffer, and immunoprecipitated with the indicated Rel-specific
grown on either ampicillin or ampicillin–chloramphenicol plates. Re-antibodies and protein A–agarose (20 ml). Immune complexes were
combinase activities were calculated as previously describedwashed three times with ELB buffer, resolved by SDS–PAGE, and
(Lieber et al., 1987).detected by autoradiography.
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